Mycobacterium avium subspecies paratuberculosis (MAP) is a significant concern to the American and European dairy industries and possibly to human health. MAP possesses the rare ability to survive and replicate in infected macrophages, cells that are typically able to destroy pathogens. Little is known about what changes occur in MAP-infected macrophages that prevent phagosome maturation and lead to intracellular survival of the bacteria. In this study, a bovine immunologically specific cDNA microarray was used to study genes whose expression was altered in monocyte-derived macrophages (MDM) when these cells were infected with 10 different strains of MAP bacteria. Although we used MAP strains isolated from four different host species, cluster analysis of each strains influence in infected MDMs showed no species of origin specific MAP alterations in the host transcriptome. However, MAP strain K10 was observed as a clear outlier in the cluster analysis. Additionally, we observed two SuperShedder MAP strains clustering very closely together compared to the other strains in this study. Overall, microarray analysis yielded 78 annotated genes whose expression was altered by MAP infection, regardless of strain. Few of these genes have been previously studied in the context of Johne's disease or other mycobacterium-caused diseases. Large groups of apoptosis genes, transcription factors and cytokines were found to be differentially expressed in infected monocyte-derived macrophages as well as several genes not previously linked to MAP-host interactions. Identifying novel host genes affected by MAP infection of macrophages may lead to a more complete picture of this complex host^pathogen interaction.
INTRODUCTION
Mycobacterium avium subspecies paratuberculosis (MAP), the causative agent of Johne's disease in cattle, is a facultative intracellular pathogen that preferentially resides in host intestinal macrophages [1] , causing granulomatous enteritis, persistent diarrhea, chronic wasting and eventually death [2] . Johne's disease ranks as one of the most costly infectious diseases in dairy cattle resulting in a loss to the American dairy industry of over 1.5-billion dollars per year [3] .
MAP transmission occurs mainly through the fecal-oral route [1] and the bacteria, which can survive for over 50 weeks in the environment, is shed in feces of infected animals [4] , thereby exposing other animals within the herd. Furthermore, MAP has been shown to live in reservoirs other than mammals, such as nematodes, which could spread the pathogen to new environments [5] , making control of this disease extremely difficult. Since discovery of the bacterium in 1895, the scientific community's knowledge of MAP pathogenesis has increased steadily, but there are no cost-effective therapies for Johne's disease and vaccination, which is not currently used in the US, is only marginally effective [1, 6, 7] .
The diagnosis of Johne's disease is based on serum or milk ELISA, production of IFN-by stimulated T cells and fecal culture tests, however the sensitivity of any individual test is often low due primarily to a high rate of false negative results [8] . A long subclinical phase (2-5 years) of infection also complicates diagnosis and control measures. Thus, the global dairy industry is unable to completely prevent MAP transmission to uninfected herds or to remove MAP entirely from the food supply [8] [9] [10] . The inability to prevent contaminated milk or animal products from reaching consumers may pose some human health concerns. Recent studies have shown that MAP may be a causative or exacerbating factor in some cases of human Crohn's disease [11] , a chronic inflammatory bowel disease characterized by transmural inflammation and granuloma formation [12] . The similarities between Johne's disease and Crohn's disease lead some authors to speculate that Crohn's disease is the human form of Johne's disease [1] . Widespread acceptance of this hypothesis still requires further investigation and evidence, but this association highlights the potential zoonotic nature of MAP infection.
A closely related pathogen that shares characteristics with MAP, such as survival within macrophages, is Mycobacterium tuberculosis (Mtb), the causative agent of tuberculosis. Much like MAP, this pathogen can prevent phagosome maturation, leading to intracellular persistence. The precise molecular mechanisms used by Mtb to persist within macrophages are, as in the case of MAP, unknown [13] . Mtb has a significant impact on human health as one-third of the world's population is infected with tuberculosis [14] . Antibiotics and radiation treatments have been used to treat Mtb infection. However, antibiotic resistant strains of Mtb have emerged and make control of tuberculosis in the future a world-wide concern [15] . Antibiotic resistant strains of Mtb underscore the importance of developing new treatments for tuberculosis. Understanding the interplay between MAP and macrophages may also help to reveal new aspects of Mtb pathophysiology resulting in development of new therapies to control both diseases.
Despite the overwhelming importance of Johne's disease to the global dairy industry, it is clear that our knowledge of the bovine immune response to MAP (as well as other pathogens), although improving, is sparse. From work in vivo, it is clear that infected cattle initially develop an early and appropriate pro-inflammatory T helper type 1 (T H 1) and cytotoxic immune response to MAP antigens. However, this response typically declines during the long subclinical phase of infection, and a T H 2 response becomes predominant, but is ineffective in controlling the bacteria [16] . It is also known that MAP is able to halt normal phagosome maturation in infected cells, being able to persist and multiply within the infected host phagosome [16] . At present, it is unclear which molecular mechanisms are used by MAP to survive in macrophages, how MAP-infected macrophages persist in intestinal tissues, or how MAP-infected macrophages interact with other components of the host immune system.
Previous studies have shown that MAP alters host macrophage transcriptomes. Also, recent results have shown that there is a difference in host gene transcription between pathogenic mycobacteria and non-pathogenic bacteria [17] . In the current report, our overall hypothesis was that there exists a core group of host macrophage genes transcriptionally altered by virulent MAP infection.
To test our hypothesis, we utilized 10 strains of MAP isolated from four different species to infect bovine MDMs and to determine, by bovine total leukocyte microarray (BOTL5), which host genes are induced or suppressed during MAP infection relative to uninfected macrophages. This study (i) identified genes differentially regulated early in MAP infection in bovine MDM cells and (ii) observed biphasic clustering of different MAP strains based on distinct alterations of the bovine MDM transcriptome.
METHODOLOGY Bacterial culture
One MAP strain (ATCC #19 698) was obtained from the American Type Culture Collection (ACTT) and the remaining strains (SS140, SS149, 1018, 7560, 7565, MAP5, MAP6, 5001 and K10) were collected as previously described [18] . The strains used were from four different species: bovine (ATCC #19698, SS149, SS140, K10, 1018), ovine (7565, 5001), bison (7560) and human (MAP5, MAP6). All strains were cultured at 37 C in Middlebrooks 7H9 media with 10% Middlebrooks OADC and 2 mg/l Mycobactin J (Allied Monitor, Lexana, KS) [17] .
Animal selection and bovine monocyte-derived macrophage cell culture Blood was collected from five uninfected Holstein cows. Peripheral blood mononuclear cells (PBMC) were isolated using a Percoll gradient (1.084 g/cm 3 ) and seeded onto 25 cm 2 flasks at 1Â10 8 PBMC per flask. Non-adherent cells were removed 4 h after plating by rinsing with phosphate buffered saline (PBS). The cells were cultured for seven days to select for MDMs [19] . A more in-depth explanation of the procedure is described in Murphy et al. [17] . Unlike in Murphy et al. [20] autologous serum from each cow was used to coat the flasks and as 10% media supplement in place of fetal bovine serum (FBS) to improve the yield of macrophages, to improve cell quality and the ability to phagocytize cells. Autologous serum was heat-inactivated at 56 C for 20 min, cooled for 10 min at room temperature, centrifuged for 20 min, and the supernatant was collected.
Preparation of reference RNA
RNA from uninfected MDM cells was collected for each of the five cows using the Versagene Kit from Gentra Systems (Minneapolis, MN). These samples were used as reference RNA on the BOTL5 microarrays. By creating a pool of reference RNA that is specific for each individual cow, additional strains of bacteria could be easily added to this experiment at any time through a reference design as opposed to other microarray experiment designs. Additionally, by using a reference pool for each animal, each animals individual bias would be accounted for as the control and infected sample would come from the same animal instead of a pool of several animals [21] . Due to the need for over 110 mg of reference RNA for all 10 microarrays, it was necessary to isolate cells on several different days and to pool all the RNA together to gain a single homogeneous reference sample for each animal. Reference RNA for each animal was assayed for quality and quantity using the RNA integrity number (RIN, minimum of 7.5) from the Bioanalyser 2100 (Agilent Technologies, PaloAlto, CA) both before and after pooling.
Infection of bovine MDM
After 7 days in culture, MDM cells from each cow were assigned into two groups: one group was infected with MAP using each test strain in a separate infection [17] the other group within cow served as an uninfected control. All cell cultures were infected at a multiplicity of infection of 5:1 (MAP:Cells). At 6 h post-infection, cells were harvested and RNA was extracted using the Versagene kit [17] . All RNA was tested for quality using the Agilent Bioanalyser 2100 to verify the RNA had a RIN of !7.5.
cDNA synthesis and microarray hybridization
Using 10 mg of total RNA from each cows' reference pool and 10 mg of total RNA from each individual MAP strain infection, cDNA was synthesized using a reverse transcription reaction (SuperScript Indirect cDNA Labeling System, Invitrogen, Carlsbad, CA). After purification of the first-strand cDNA, the reference cDNA was labeled with Cy5 dye and infected sample cDNA was labeled with Cy3 dye (CyDye post-labeling reactive labs, GE Healthcare, Piscataway, JN). After removing un-hybridized dye, labeled samples were combined and hybridized to BOTL5 miroarray as described by Murphy et al. [17] .
Real-time quantitative reverse transcriptase polymerase chain reaction validation
To gather RNA for validation real-time quantitative reverse transcriptase polymerase chain reaction (qRT-PCR), MAP infections were performed in MDM cells from six different uninfected Holstein cattle. To simplify this study, representative strains from each of two major MAP clades identified in clustering of the original microarray data were selected; this selection is discussed further in the article. The two MAP strains selected for real-time qRT-PCR analysis were strains 1018 and ATCC #19698 (ATCC). Real-time qRT-PCR primers and methods were derived and performed as previously described in Murphy et al. with one exception of using 30 ng of cDNA for each reaction [17] . A full list of primers and sequences are available on the Center for Animal Genomics website (http:/www .cafg.msu.edu).
Data analysis
Microarray data was normalized using the LOESS method as previously described in Murphy et al. [17] . After normalization, the data was converted to Log 10 space and the reference value was subtracted from the infected value to find the fold difference from reference for each gene. To correct for cowspecific differences in expression, a mixed-model analysis was performed, employing the SAS program essentially as described by Allison et al. [22] . Each strain-specific dataset represents the average signal intensity for each gene over all microarrays used to examine this MAP strain. Cluster analysis was performed using the Cluster 3.0 program with averaged data from each strain [23] . Then, strain-specific data was averaged to create a composite strain. The composite strain data is thus a generated data set representing the average effect that all strains in the study had on the host transcriptome and was used to determine significantly altered genes during infection. To look for enrichment in various known aspects of each of the genes from the microarray, the Database for Annotation, Visualization and Integrated Discovery (DAVID, http://david.abcc.ncifcrf.gov/) analysis program was used as described on the DAVID website [24] . Data collected from the real-time qRT-PCR was analyzed using the ÁÁCt method [25, 26] .
RESULTS

Cluster analysis of mixed model analyzed data
For each individual MAP strain, mixed-model analyzed data was clustered with data from the other strains using Cluster 3.0 software, and associations were visualized via the Java Treeviewer (Figure 1 ) [23] . Figure 1 thus illustrates how closely related the various MAP strains are to each other, based on similarities in how they affect the host macrophage's transcriptome. Notably, there is little to no species of origin based clustering for strains use in this study. However, there is close clustering between the two SuperShedder strains. Also, significant is the difference between the other MAP strains in our study and the commonly studied K10 strain. This difference was validated by using a strain generated by randomly switching data from previous microarrays and repeating the clustering. In this analysis, the difference between K10 and the other strains was preserved (Data not shown). Additionally, when the composite strain was added into cluster analyses, the 5001 strain clustered most closely to the composite strain (Data not shown). Clustering revealed two major clades of MAP strains separated on how they affected host macrophage transcriptome ( Figure 1 ). Based on these results representative strains (ATCC 19698 and 1018) were selected from the two major clades for validation studies using real-time qRT-PCR ( Figure 1 ). These strains share the same species of origin so this variable was removed from consideration. 
Reannotations of the BOTL5 microarray
In order to analyze results from this study, the BOTL5 microarray was reannotated using the most up to date human and bovine sequences available. The latest versions of the human, bovine and nonredundant (NR) protein databases were downloaded on 23 March 2009 along with the most recent version of BLAST from the NCBI FTP database. This study used basic blast parameters and parsed the top hit in each BLAST search. While individual alignments were previously performed to study what known sequences are present on the BOTL5 microarray, these alignments left many sequences noted as being unknown. To rectify this problem, the BOTL5 microarray was reannotated using several genomes. As human is the most well annotated sequence available for mammals, all sequences were ultimately aligned to human sequences to utilize the available human data. The first alignment consisted of comparing BOTL5 cDNA sequences against human protein sequences. cDNA sequences that did not show any significant alignment to human protein sequences were then aligned against the bovine protein database. Conversely, bovine protein database sequences that had significant alignment with BOTL5 cDNA sequences were aligned with sequences in the human protein database. BOTL5 cDNA sequences that did not align with the known bovine proteins or BOTL5 cDNA aligned bovine sequences that did not match with human sequences were then aligned with the sequences in the NR protein database. Again to identify more information about these sequences, the NR proteins with significant alignment to the BOTL5 cDNA were aligned to the human protein database. By this method, 1015 genes were identified as being present on the BOTL5 microarray out of a total of 1397 sequences. This is a vast improvement over the old annotations, which listed only 800 known genes on this microarray resource. The most recent human and bovine annotations of the BOTL5 microarray are present on the Center for Animal Functional Genomics website (http://www.cafg.msu.edu).
Statistical analysis of microarray results
This study used PBMCs isolated from five Holstein cattle. To reduce the amount of cow to cow variability and emphasize variations caused by MAP infection, a mixed model approach was used to analyze the data. Using this method, 91 array features were found on average to be significantly differently expressed between infected MDMs compared to uninfected MDMs (P 0.01). Of these features on the BOTL5 microarray, 78 had significant annotations based on the previously described annotation section (Table 1) . Of the remaining 13 array features, all had alignments to the bovine genome indicating that these sequences are not random contaminants on the microarray. However, since nothing is known about these sequences, they were excluded from further analysis. Of the 78 annotated sequences shown to be significantly differentially expressed in MAP infected MDM cells, relative to uninfected cells, only five have been previously studied in mycobacterial infections (Table 2 ).
DAVID analysis of differentially expressed host genes in MAP infection
To better study trends of differentially expressed genes in MAP infection, the 78 significant genes from microarray analyses were studied using the DAVID analysis program. DAVID assesses if a gene set (differentially regulated in MAP infection) contains an over-representation of genes in any given functional category, relative to the overall microarray. For this analysis, all annotated genes on the BOTL5 microarray were used as a background to measure enrichment in functional groupings. In this analysis, the most significant group was genes in the caspase (apoptosis) pathway (P 0.0011). This group contained five genes and was enriched 8.4 times in our differentially regulated gene set, relative to the overall BOTL5 microarray. The largest group of genes showing significant enrichment in our differentially regulated set belonged to the metabolic pathway (P-value 0.042). This group contained 44 genes and was enriched 1.2 times relative to the overall BOTL5 microarray. A more complete table of significantly enriched functional categories is provided in Table 3 . involved in signal reception and signal mediation were selected.
As the most significant functional area indicated by the DAVID analysis, several apoptosis genes were also selected for validation. Evaluation of caspase 4 (CASP4) and poly (ADP-ribose) polymerase 1 (PARP1) expression showed infection with both representative strains of MAP caused a $2.5-fold increase in CASP4 mRNA and a $2-fold decrease in PARP1 mRNA relative to control uninfected cells, respectively (Figure 2 ). These differences were significant when compared to controls (P < 0.01 for CASP4 and P < 0.02 for PARP1). Caspase 1 (CASP1) mRNA was also shown to be significantly up-regulated relative to control (P ¼ 0.03) in ATCC infected cells while only showing a trend toward significant up-regulation of mRNA in 1018 infected MDMs (P ¼ 0.05). Infection with both strains caused $2-fold increase in CASP1 mRNA expression ( Figure 2 ). In contrast, caspase 3 (CASP3) and DNA fragmentation factor, alpha (DFFA) expression was shown to be significantly down-regulated in 1018 infected macrophages (fold change ¼ À1.89 and P < 0.001 for CASP3 and fold change ¼ À1.56 and P < 0.03 for DFFA). In contrast, ATCC infection of MDM showed no significant differences in expression of either CASP3 or DFFA mRNA relative to controls (Figure 2 ). Evaluation of CASP6 showed no significant differences in expression following infection with either MAP strain (data not shown).
Another large functional group highlighted by our DAVID analysis of microarray data was receptors and signaling mediators. Real-time qRT-PCR of the AXL tyrosine kinase (AXL), neuropilin 1 (NRP1), retinoid X receptor and alpha (RXRA) mRNA all showed a decrease in expression when MDM cells were infected with both representative MAP strains (Figure 3 ). This decrease in relative expression was significant when compared to uninfected controls (P < 0.05). Infection of MDM with strain 1018 also resulted in significant reduction in expression of fibroblast growth factor receptor 1 (FGFR1) and GATA binding protein 4 (GATA4) (P < 0.05). However, there was no significant expression difference for FGFR1 in ATCC infected macrophages while GATA4 showed a trend (P < 0.06) toward significant reduction in expression (Figure 3) . Infection with either MAP strain did not result in significant differences in expression of nascent polypeptideassociated complex alpha subunit (NACA) from controls (data not shown). [60] Genes that have previously been studied in MAP infection with the host are shown. These experiments vary from cell culture experiments to full animal studies. The first column is the REFSEQ-protein identifier. The second and third columns are the name of the protein and its abbreviation.The third column is the title of the original research that studied this gene in the context of MAP interaction and the original authors. Two genes (NFkB1 and mucosa associated lymphoid tissue lymphoma translocation gene 1, MALT1) whose expression was significantly different in MAP infected MDM cells relative to control MDM in the microarray analysis have previously been shown to be important in immune system regulation. Infection of MDM cells with both strains of MAP caused an $3.7-fold increase in transcription of NFkB1 relative to control cells (Figure 4 ). Observed differences in NFkB1 transcription in both MAP strain infections were significant when compared to controls (P < 0.01). Expression of MALT1, however, was only shown to be significantly down-regulated in MDM infected with strain 1018 (fold change ¼ À1.79, P < 0.001), relative to controls (Figure 4) .
A final functional group containing many genes whose expression was significantly affected by MAP infection of MDM cells were genes involved in vacuole maintenance. Using real-time qRT-PCR, ATPase, Hþ transporting, lysosomal 70 kDa, V1 subunit A (ATP6V0D1) expression was shown to be down-regulated in MDM following infection with strain 1018 (fold change ¼ À1.3, P < 0.05). However, no changes in ATP6V0D1 expression were observed in MDM infected with the ATCC strain ( Figure 5 ). Also, no significant differences from control were observed in expression of MMP16 or MMP23B genes following infection of MDM with either ATCC or 1018 strains (data not shown).
Real-time qRT^PCR analysis of additional host genes
In order to gain a better understanding of what cell death mechanisms might be altered in MAP infection of bovine macrophages, several apoptosis genes were selected for additional study. Expression of two pro-apoptotic genes, BCL2 antagonist of cell death (BAD) and tumor necrosis factor receptor 1 (TNFR1), were both down-regulated in MAP infected MDM cells relative to uninfected cells (fold change À2.2 and À1.2, respectively). This decrease in transcription was shown to be significant in infection with both MAP strains (P < 0.01). No significant alterations in expression of TNF receptor 2 was observed in MDM cells infected with either MAP strain (data not shown).
To further elucidate what molecules are being produced by MAP infected macrophages that might facilitate communication with other immune cells, IL-1alpha, IL-1beta, BCL2, BCL2A1, IL-8 and MIP3alpha, were selected for additional study. The expression of IL-1beta, IL-8 and MIP3alpha were all up-regulated in MDM cells infected with both strains of MAP, relative to uninfected control cells (Figures 5-7) . The increase in expression for all three genes was significant (P < 0.02) and the largest increases in expression were observed in the current study. IL-1alpha gene expression in MAP-infected MDM cells was shown to be significantly up-regulated in 1018 infection (fold change ¼ $23 over controls, P < 0.001). In MDM infected with the ATCC strain of MAP, the fold change was much lower ($13-fold over controls) and the data approached significance (P < 0.11, Figure 7 ). In the case of BCL2A1 gene expression in MAP-infected MDM, MDM infected with ATCC showed significant up-regulation of BCL2A1 (fold change ¼ 8.1, P < 0.03), while MDM infected with the 1018 strain showed a similar fold change of 13 times the expression of BCL2A1 in uninfected MDM, the observed change only showed a trend to significance (P < 0.06, Figure 6 ). Lastly, BCL2 gene expression was shown to be significantly down-regulated in MDM infected with 1018 (fold change ¼ À1.5, P < 0.05), while infection with ATCC showed no significant difference from uninfected controls (Figure 6 ). 
DISCUSSION
Little is known about the complex interaction between macrophages and mycobacteria. While a significant body of literature exists on Mtb interactions with host cells, there is a paucity of research on MAP-macrophage interactions. This study sought to find new candidate genes to better explain changes occurring in macrophages following infection with MAP. Of particular interest were mechanisms related to increased bacterial survival. The net result of this work was identification of 78 host genes/proteins that are possible targets for future work. Additionally, clustering MAP infection driven transcriptome changes in macrophages suggests some novel relationships. Through careful examination of individual genes and clustering results, a more thorough picture of what changes MAP infection induces in host macrophage cells can emerge. It is important to note that these results are from a population of infected and uninfected macrophages like many of the current microarray studies in the MAP-macrophage interaction field [17, 27, 28] . Recent research from a similar mycobacterium Mtb has shown that very important differences exist between tuberculosis-infected and uninfected macrophages in these cultures and that tuberculosisinfected macrophages can vastly change the behavior of uninfected macrophages in the same culture [29] . Unbiased clustering using all genes displaying altered transcription following infection with all MAP strains also provided some unique outcomes. Chief among these results is the absence of species of origin related MAP strain clustering. Previous research has shown genetic differences between MAP strains isolated from cattle when compared to those from sheep. In general, sheep strains tend to be less virulent than cattle strains [18] . Our results suggest that this difference is likely an element of the particular MAP strain itself, rather than how these strains interact with host macrophages. While our infections were all performed in bovine MDMs isolated from uninfected cattle, we hypothesize that the observed differences between infected and uninfected cell transcriptomes would be similar if this work were to be repeated using cells from other host species, such as sheep, deer or even humans. MAP strains from both cattle and sheep can infect cells from several different animals and thus such comparison is entirely possible [30] [31] [32] .
Another novel result from the cluster analysis was alignment of strains into three distinct groups, or clades. The first clade contained a single strain, K10. This MAP strain is often used as the sole strain for many MAP biology experiments. Our results suggest that the K10 MAP strain may not be the most representative for such studies. In support of this conclusion, Motiwala et al. [33] and Wu et al. [34] have shown that MAP strain K10 has several distinct genetic polymorphisms that clearly distinguish it from other MAP strains. This work highlights the fact that these genetic differences may drastically change the host response to infection. The second clade contained strains 1018, MAP5, MAP6 and 7565. The third clade contained MAP strains 7560, SS149, SS140, ATCC #19698 and 5001. The individual strains in the second and third clade are interesting and future work must be performed to see what host genes are responsible for the differences between these clades and if each MAP strain maintains these differences.
A final result of note from the clustering analysis was a close relationship between the two SuperShedder strains used in this study. MAP strains SS140 and SS149 were both isolated from cattle exhibiting an extremely high level of MAP shedding in feces (R. Whitlock, personal communications). Currently, there is some debate on the nature and cause of the SuperShedding phenomena. In one hypothesis, SuperShedding is a result of the host response. Alternatively, the SupperShedding phenotype may be due to properties of the infecting strain. Further work to determine how these two strains affect host macrophages in similar ways and what separates these from the other strains will be of interest.
In terms of the individual genes studied, the largest functional group identified by DAVID analysis was genes encoding proteins involved in apoptosis. Initially this study found that expression of CASP3, CASP4, PARP1, GATA4, DFFA, CASP1 and CASP6 was significantly affected by MAP infection. After examination of the literature, BAD, TNFR1, TNFR2, BCL2 and BCL2A1 were added to this study. These results are entirely consistent with the literature as careful regulation of apoptosis related genes has been shown to be important in mycobacterial infection as well as intracellular survival of MAP [35] . While genes selected from the microarray data plus additional genes selected from the literature are not a complete picture of the 'apoptosome', the distribution of these genes within the macrophage from the cytosol in the case of the caspases, the nucleus with DFFA and PARP1, and the mitochondria with BAD show that MAP infection alters the transcription of genes whose protein products act in many different cell compartments and demonstrates a general alteration in transcription of apoptosome genes. Regulation of the host cell apoptosome presents two hypotheses, which are equally supported by current literature. If an infected cell is able to trigger apoptosis then the intracellular bacteria will be collected in cellular blebs and phagocytosed by other macrophages, allowing destruction of the bacteria, much like what is seen in Mtb [36] . Converserly, if MAP is able to prevent apoptosis then the bacteria can survive and proliferate while still avoiding detection by the immune system, again much like what is observed in Mtb [37] .
Differences in apoptosis gene expression based on infecting MAP strain were observed in real-time qRT-PCR. For example, macrophages infected with strain 1018 showed significant down-regulation of DFFA and CASP3, while infection with the ATCC strain did not significantly change expression of these genes relative to control cells. As these two genes have opposite affects on cell apoptosis (pro apoptosis for CASP3 and anti apoptosis for DFFA), no clear cut explanation can be drawn from MAP infection driven regulation of these genes [38, 39] . As CASP3 has been shown to directly cleave DFFA into an inactive form, this may indicate a general down-regulation of late-state apoptosis genes in 1018 infected macrophages [38] .
In addition to the role CASP1 and CASP4 play in apoptosis, they also play an important role in processing cytokines for communication with other immune system cells. While not highly significant in real-time qRT-PCR studies using MDM infected with strain 1018 and the ATCC strain, an overall trend in MAP infection was an increase in transcription for both CASP1 and CASP4. CASP4 has been shown to cleave its own precursor as well as the CASP1 precursor [40] . In addition to CASP4 cleavage of CASP1, CASP1 has been shown to autocatalytically leave its own precursor as well as IL-1beta from its precursor forms [41] . Enhanced expression of IL-1 in MAP infected macrophages is consistent with previous results [19] . It has been suggested that some late effects of Johne's disease, such as inflammatory damage to the host, may be due to drastic over-expression of IL-1 by MAP-infected intestinal macrophages [16, 19] .
The importance of cytokine processing and networks in response to MAP infection suggested by altered CASP1 and CASP4 expression is further highlighted by increased transcription of genes encoding NF-kB1, MIP3alpha and MALT1. NF-kB1 is an important transcription factor regulating many immune function genes and is directly involved in IL-1 activation [42] . MALT1 may play a secondary role in IL-1 transcription increases following MAP infection by activating NF-kB1 [43] . MIP3alpha is transcribed when NF-kB1 is activated in Mtb infection [44] . Enhanced expression of NF-kB1 in MAP-infected macrophages combined with increased expression of NFkB1 activators MIP3alpha and MALT1 could explain the increase in IL-1 and its processing enzymes, eventually leading to IL-1 inflammatory-driven damage of the host as previously theorized [16, 19] .
Another area of special consideration and at the intersection of immune system communication and apoptosis is expression of TNFR1 and TNFR2 in MAP-infected cells. MAP infection resulted in decreased mRNA expression for TNFR1, regardless of infecting strain, while no changes in TNFR2 transcription were observed in infected macrophages. TNFR1 has been implicated as the more pro-apoptotic of the two TNFalpha receptors, while TNFR2 as been linked to suppression of apoptosis. If cell surface expression of TNFR2 remains constant while TNFR1 is reduced, then MAP infection may cause cells to persist while uninfected cells recruited to the area may undergo apoptosis, particulary in the face of enhanced local TNFalpha concentrations. This theory is supported by a recent computation theory article studying the role TNFalpha has in Mtb granuloma formation that shows removal of TNFalpha mediated cell death resulted in increased clearance of the bacteria from the experimental system [45] .
While several signal mediators and receptors were found to be alternatively expressed in MAP-infected MDM cells, a gene of particular interest is AXL and its possible role in Crohn's disease's apparent autoimmunity. Our data showed a down-regulation of AXL expression in MAP-infected macrophages (Figure 3) . In AXL knock-out mice that also have knock-outs in similar related genes, B and T cells over proliferate eventually leading to the development of autoimmune disorders [46] . Of Interest, Crohn's disease is currently classified as an autoimmune disease [47] . Taken together these facts could explain the development of an ineffective humoral immune response in Johne's disease and the possible observation of an autoimmune disease being associated with Crohn's disease. These two separate disease factors may be the result of MAP infection of macrophages causing down-regulation of AXL and related gene expression. While the MAP biology community is somewhat divided on if MAP is the causative agent of Crohn's disease, it is tempting to speculate that the over proliferation of B and T cells observed in Crohn's and the eventual ineffective humoral response observed in Johne's disease may be caused by same event, down-regulation of AXL family expression in MAP-infected macrophages [48] .
Perhaps the least intuitive genes in this study were some of the signal receptors. Genes such as RXRA, FGFR1 and NRP1 have not been previously studied in mycobacterial infection of macrophages. What role these genes may play in infection is unclear at present. While NRP1 was down-regulated in MAP-infected macrophages in this study, NRP1's role in the infected cell is difficult to discern. Previous siRNA reduction experiments have shown removing this transcript does not overtly affect the cell, indicating that NRP1 may not be necessary for cell maintenance [49] . In contrast, FGFR1 has been implicated in NF-kB1 signaling, linking this gene back to communication in the immune system [50] . One commonality among these genes is that they are all down-regulated in MAP infection. Since down-regulation of growth factor receptor expression is implicated as either a cause or direct effect of apoptosis, a decrease in transcription of these growth factor receptor genes may promote or prevent cell death in infected macrophages. Recently, research on the Liver X Receptor (LXR) has shown that LXRs are necessary for proper activation of macrophages and lead to the destruction of intracellular Mtb [51] . LXRs also form heterdimers with RXRs, possibly implicating this receptor in macrophage Mtb control [52] . If FGFR1 and NRP1 also bind receptors that are important to intracellular mycobacteria control, then down-regulation of these genes may be an important step for the bacterial to survival in the phagosome.
Another interesting single gene found in this study was ATP6V0D1, a gene involved in vacuole maintenance. While little is known about this gene, ATP6V0D1 has been shown to be involved in acidification of lysosomes [53] . Failure of the endosome to acidify is currently thought to be part of the MAP intracellular survival mechanism [54] . Data from this study indicates that expression of this gene is down-regulated following MAP infection of MDM cells. Based on this information, MAP infection possibly prevents transcription of ATP6V0D1 through an as yet unknown mechanism and by preventing acidification halts MAP-carrying endosome fusion with mature lysosomes.
This study sought to elucidate some of the complex interactions between MAP bacteria and the bovine host macrophage. Using BOTL5 microarrays and 10 distinct MAP strains to measure relative gene expression between MAP-infected and uninfected cells, common patterns of gene expression were observed as well as novel clusters of MAP strains. When the total transcriptome alterations in MAP-infected macrophages were examined, K10 was observed as an outlier and SupperShedding MAP strains were observed to cluster together. A total of 78 annotated bovine genes were found to be differentially expressed in MAP infected macrophages, relative to uninfected cells. Many of these genes have never been studied in the context of mycobacterial infection. Within the group of differentially expressed genes, significant enrichment in genes encoding proteins involved in apoptosis were found to have altered expression. To validate the results of the microarray study, many of the 78 genes were also found to have altered expression in MAP infected cells via real-time qRT-PCR. While no clear pattern of apoptosis gene expression emerged from the data, MAP infection of MDM cells does modulate large portions of the infected host apoptosome. Additionally, differences in cytokine gene processing and regulation were observed that mimic previously reported results in related mycobacteria. Finally, a large contingent of growth factor receptors that have not been studied in bacterial infection have now been implicated as important in MAP infection and intracellular survival. Further more focused studies of what roles these genes play in MAP infection of host macrophages are necessary to better determine what benefit transcriptional regulation of these transcripts confer to either the infecting MAP bacteria or the host.
FUNDING
Key Points
Ninety-one macrophage genes were found to be significantly differentially expressed following infection with 10 different strains of MAP. Of these 78 genes are considered well-annotated. Cluster analysis did not segregate MAP strains isolated from various host organisms into distinct groupings based on initial host. MAP strains did segregate into two major clades, based upon their effect on macrophage gene expression, with the K10 strain a clear outlier distinct from both major clades. Within infected macrophages, MAP appears to have a major effect on expression of host genes encoding proteins involved in either promoting or suppressing apoptosis. Other significantly affected functional groups include cytokine processing and expression, vacuole maintenance and signaling receptors.
